This paper summarizes published research studies, technical reports and codes and standards related to the visibility (i.e., conspicuity and legibility) of signage. In the summary that follows, publications are grouped and discussed according to several different topics. First, the typographic and symbolic characteristics of signs and the information they carry are described (e.g., letter size, font selection, etc.); second, photometric, colorimetric and temporal properties of signs as they affect visibility; finally, environmental considerations (e.g., daytime versus nighttime viewing, whether a sign is located in a rural or urban area, etc.) as they influence sign design are reviewed. Annotated summaries of each publication in the literature review are included at the end of this paper.
INTRODUCTION
Signs form a critical part of the visual outdoor environment. They provide key wayfinding cues to drivers and pedestrians about the locations of businesses and other places of commercial and government activity, and they serve as landmarks for navigating through many urban, suburban and even rural areas. Of course, many signs also serve the purpose of advertising for, and increasing awareness about, the businesses that install and use them. Undoubtedly it is the intent of every sign installation to be both noticeable and legible. Noticeability, or conspicuity, is the property of standing out from one's environment or surroundings. Legibility is the property of being able to be read and understood clearly. Factors that make a sign noticeable are not always the same that make them legible under the same conditions. For example, temporal modulation such as flashing is often employed in applications of signal lights to make them more conspicuous (Crawford, 1962) , but flashing often renders text more difficult to read (Milburn and Mertens, 1997) . Similarly, increasing the luminance or brightness of a sign would generally be expected to increase its noticeability (Schieber and Goodspeed, 1997) but excessive brightness can lead to irradiation of the characters and symbols on the sign (Cornog and Rose, 1967) , reducing their legibility.
A challenge to reviewing the characteristics of signs as they relate to aspects such as conspicuity or legibility is that these factors are, in turn, dependent upon the specific conditions that are present when a particular sign is being viewed by a particular individual. Different signs have different purposes: highway signs may provide regulatory information (e.g., stop, speed limit) or navigational cues (e.g., street signs). Others may serve as landmarks for commercial businesses, or simply reinforce a brand identity. Obviously, requirements for these purposes differ. Further, an individual observer's age, mood, and state of distraction can render a nominally adequate sign virtually invisible, whereas in many experimental studies, observers are sober, alert and generally compliant to experimenter instructions. Many of the studies reviewed in this paper used a specific context when investigating sign characteristics. The present review
The amount of information on a sign can also be related to the size of the sign itself. Several municipal codes limit the percentage of a sign's area that can be covered by letters or symbols on the basis that an overly crowded sign will be less legible. The maximum amount of a sign's area that it permitted to contain characters ranges from 40% (Town of Huntersville, 2009) up to 75% (City of West Hollywood, 2002; City of Davis, 2010; City of Bellflower, 2016) .
Related to the study by Hawkins and Rose (2005) , evidence suggests that legibility can also be improved by using graphical symbols rather than alphanumeric characters, at least for highway signs (Kuhn et al., 1997) . This is also reflected in municipal code language presumably addressing on-premise signs (City of West Hollywood, 2002) . It may be worth noting, however, that the use of symbols can lead to longer and more frequent visual fixations by drivers, which is not always a desirable response (Pankok et al., 2015) . Additionally, text has a natural visual scan pattern (e.g., left to right, from top to bottom) whereas the presence of symbols on highway signs may result in less consistent and less efficient visual scanning (Pankok et al., 2015) . When symbols are used, some literature on display effectiveness suggests that they should be simple (Duncanson, 1994) , since not all symbols are equally legible when displayed on a highway sign (Schnell et al., 2004) . Nonetheless, in addition to aiding in legibility, symbols can reinforce desired behaviors in drivers (e.g., yielding to pedestrians in crosswalks) when they accompany other types of visual information such as warning beacons (Van Houten et al., 1998) , and are powerful elements of communication.
For signs using alphanumeric characters, the impacts of typeface or font on legibility have been investigated by many researchers. Appropriate font use can result in smaller footprints of the text on a sign while simultaneously improving legibility, as found in a study of roadside signs used near national parks (Garvey et al., 2004) . On highway signs, an alternative font, Clearview, was found in several experimental studies (Garvey et al., 1997 (Garvey et al., , 2016 Hawkins et al., 1999) to result in greater legibility distances. Studies using other fonts led to several empirical conclusions: Bank Gothic Light, Dutch Regular and Dutch Bold fonts were found to result in superior acuity than Commercial Script Regular (Garvey et al., 2001) ; the latter is a script font similar to cursive handwriting. The Futura font was found to be as legible as standard highway fonts for wayfinding signs in another study (Garvey, 2007) . Municipalities tend to discourage the use of script-type fonts that emulate handwriting for on-premise signs because of their reduced legibility (Town of Bermuda Run, 2013; City of Bellflower, 2016) , although municipal code language tends to be qualitative and not specific regarding specific type fonts that may or may not be used.
One of the distinguishing features among different fonts is the presence or not of serifs, and a few studies have evaluated the extent to which serifs impact legibility. The bulk of the evidence (Carter et al., 1985; Kuhn et al., 1998) suggests that there are no legibility differences between serif and non-serif fonts. In contrast, Tinker (1966) summarizes research stating that serifs aid in legibility. Arditi and Cho (2005) found no differences at suprathreshold visibility levels, but near the acuity limit, found fonts with serifs to be beneficial. Only one example in which non-serif fonts outperformed serif fonts was identified (Yager et al., 1998) , but this effect only occurred at low light levels; at higher light levels, serifs made no difference on legibility. With the exception of the study by Kuhn et al. (1998) , most of these studies have investigated legibility for paper-or screen-based reading tasks rather than for larger-format signs.
Fonts can also differ in their geometric characteristics (e.g., aspect ratio, stroke width, etc.). The width of the individual characters seems to have a large impact on legibility, larger than stroke width or the spacing between characters for both printed text and signs (Young et al., 1992; Garvey et al., 2001) . Further, character width seems to influence the relationships between factors like the spacing between characters and legibility; reducing space between characters may be beneficial for wider characters, but detrimental for narrow ones in printed text (Young et al., 1992) . Some guidelines suggest that when a sign character's width and height are the same, its legibility is maximized (CIDEA, 2010) . While it may be a less important factor than character width, stroke width has received much interest in the research literature leading to guidelines for optimal stroke width (Forbes et al., 1965; Tinker, 1966; Kuhn et al., 1997; Holick and Carlson, 2002) . One recommendation is that stroke width be 18% of the character height (Tinker, 1966) , but even this factor interacts with others like the contrast polarity of the text (Kuhn et al., 1997) . A font factor that impacts legibility for "dotted" fonts like those used in exposed-lamp or matrix signs is the spacing between lamps or matrix elements; Rea (2000) provides guidelines on spacing between elements for ensuring legibility.
Obviously, the size of text influences legibility (Rea and Ouellette, 1991) . Unsurprisingly, many studies using visual display and sign contexts (Duncanson, 1994; Bernard et al., 2001; Ullman et al., 2005; Bullough and Skinner, 2016) suggest that larger letter sizes result in improved legibility, but the range of conditions used in those studies are important for generalization of these findings, since some authors report that there is a range of letter sizes above which legibility of printed text can degrade (Carter et al., 1985) . A wealth of guidelines derived from research with on-premise signs (Bertucci, 2006; CIDEA, 2010; Bertucci and Crawford, 2015) and employed in municipal and other standards on font size exist, most specifying minimum letter size (City of West Hollywood, 2002; U.S. SBA, 2003; FHWA, 2004; ISA, 2007; Town of Huntersville, 2009; Millar, 2011) , but sometimes recommending a range of appropriate sizes (Carter et al., 1985; Town of Bermuda Run, 2013) . Most of the time, the letter height is used to quantify the letter size, but as found by Rea and Ouellette (1991) and Cai and Green (2009) , the projected area of the character is a more complete specification of the size of the stimulus for letters and symbols on signs.
Other properties of sign characters aside from font and size influence legibility. The contrast of letters against the sign itself is one of the most critical (Rea and Ouellette, 1991; Schnell et al., 2004) . Similar to research on letter size, higher contrast of display symbols and characters is generally thought to improve legibility (Shurtleff et al., 1966) and this is included in municipal sign standards (City of West Hollywood, 2002; Town of Huntersville, 2009; City of Davis, 2010) but some sources report an optimal contrast value, perhaps to avoid excessive brightness of characters or of the sign (see "Photometric, Colorimetric and Temporal Characteristics"). For example, Kuhn et al. (1997) report that the contrast between an on-premise sign and its characters best supports legibility when the luminance ratio between the brighter and the less bright of the two is 12:1. Importantly, it should be recalled that luminance contrast differs from color contrast; green letters on a red sign might have no luminance contrast but could still be visible because of the difference in colors. However, luminance contrast of printed text or of highway sign characters is substantially more important to legibility than color contrast (Forbes et al., 1965; Tinker, 1966) , which only significantly affects legibility when the luminance contrast is low (Eastman, 1968) , a situation that should be avoided in signs.
The polarity of contrast can also impact the degree of legibility a sign or other printed text exhibits. A majority of the research evidence reviewed (Tinker, 1966; Kuhn et al., 1997 Kuhn et al., , 1998 CIDEA, 2010 ) is consistent of the notion that positive contrast (letters with higher luminances than the sign face) offers better legibility than negative contrast text. Because of this municipal guidance seems to favor positive contrast text (Town of Bermuda Run, 2013). Nonetheless, there are several reports that report no difference in legibility between positive and negative contrast text (Shurtleff et al., 1966; Lerner and Collins, 1983) .
Contrast can also be a factor within individual characters on a sign, particularly for illuminated signs. Freyssinier et al. (2003) conducted evaluations of internally-illuminated sign letters and found that they began to be judged as unacceptable when the luminance contrast within different portions of the letters exceeded 0.2-0.4. Intentional contrast variations within letters occur when letters and other characters are rendered in an outline form rather than as a solid character. All of the research that has investigated the relative impact of outline versus solid letters has found outline characters to provide less legibility than solid ones (Lerner and Collins, 1983; Duncanson, 1994; Arditi et al., 1997) , whether for printed text, visual displays or signs.
Finally, many investigations have been conducted regarding the use of all-uppercase versus mixed-case text on signs. In principal, because uppercase letters are larger than lowercase, the legibility of individual uppercase letters ought to be better than that of lowercase letters, and one investigation using single short, isolated words on an otherwise empty display screen did find slight advantages to displaying those words in all-uppercase text (Kinney and Showman, 1967) . Nonetheless, most researchers who have investigated this question concluded that mixedcase text on displays and on signs improves legibility (Carter et al., 1985; Kuhn et al., 1997; Bertucci and Crawford, 2015) , because it better differentiates among word-forms that would otherwise be similar using all-uppercase text. Accordingly, municipal guidance (Town of Bermuda Run, 2013) recommends mixed-case text for on-premise signs.
PHOTOMETRIC, COLORIMETRIC AND TEMPORAL CHARACTERISTICS

Conspicuity
Among the photometric properties of signs most related to conspicuity is the sign luminance (Elstad et al., 1962; Allen et al., 1967; Rea, 2000; AASHTO, 2005) . In addition to ensuring that a sign is conspicuous, there are also concerns about ensuring that the luminance of a sign does not lead to distraction (ILE, 2001; Bullough and Skinner, 2011) , especially among municipalities (City of Hutto, 2014; City of Mesa, undated). Table 1 summarizes research findings and recommendations from sign codes and standards regarding the range of luminances recommended for sign conspicuity while aiming to prevent distraction from overly bright signs, whether they are highway signs or commercial (on-or off-premise) signs.
Forbes (1972) developed a calculation method for estimating the detection distance of a highway sign, which uses the luminance of the sign (in contrast with the luminance of the ambient environment) as one of the factors crucial for detection. Not surprisingly, higher sign luminances tend to make highway signs easier to detect at night (Forbes et al., 1967) but not always in the daytime, where both dark signs and bright signs may be advantageous for conspicuity over intermediate sign brightness (Forbes et al., 1967) , presumably because it is the contrast between a sign and its ambient environment that assists in detection (Kuhn et al., 1997) .
The impact of sign luminance on conspicuity interacts with factors such as the visual complexity of the ambient environment (Schieber and Goodspeed, 1997) where improvements with higher luminance are only seen in the more complex visual environments, and this would explain why illumination levels recommended for signs are higher in brighter ambient environments (Rea, 2000) . Increases in sign luminance have not always been accompanied by a higher proportion of appropriate driving maneuvers in response to roadway signs (Powers, 1965) . It should also be noted that the color of a sign may impact its conspicuity; Gates et al. (2004) found advantages of fluorescent colors on highway signs in terms of the driving maneuvers that were exhibited when they were present, potentially indicating that those colors assisted in detecting the signs.
An approach for limiting the apparent brightness of a digital billboard sign was proposed by Lewin (2008) . The illuminance from the sign at a particular distance from the sign along the road should not exceed 3 lx. This approach can allow the user to approximate the average luminance of a sign whose dimensions are known, but it cannot identify whether the luminance of the brightest portion of the sign might be judged excessive by observers. This is important because in a study of large-area light sources, ratings of the discomfort glare depend not only on the illuminance from the source but the maximum luminance of that source. Two light sources with the same average luminance can differ substantially in the amount of discomfort glare they produce (Bullough and Sweater Hickcox, 2012) . If this finding can be extended to signs, quantifying the illuminance alone from a sign might not be sufficient to avoid problems.
An additional factor that can influence a sign's conspicuity is the presence of flashing, moving or animated content on the sign. Temporal changes in luminance or color will make a display or sign more conspicuous (Crawford, 1962; Forbes et al., 1965) and will attract more glances from drivers than static sign content on advertising signs (Beijer et al., 2004) . Despite little hard evidence that dynamic advertising sign content reduces driving safety in terms of crashes (Smiley et al., 2005) 
Legibility
Sign luminance can have important effects on legibility. Recommendations for highway and commercial sign luminances to ensure legibility are shown in Table 2 . Luminances need to be high enough to ensure adequate readability, but if luminances are too high, legibility can be reduced (Garvey et al., 2009 ) by factors such as irradiation (Cornog and Rose, 1967) . Increasing luminance can sometimes help counteract reduced visibility caused by factors such as small letter size (Tinker, 1966) , but if legibility is already high, increasing luminance may have little effect on further legibility improvements (Bullough and Skinner, 2016) . Several studies have investigated the interactions between luminance and other factors such as typographic and observer characteristics (Yager et al., 1998; Holick and Carlson, 2002; Schnell et al., 2004 Schnell et al., , 2009 for highway signs and visual displays. The uniformity of sign luminance can also influence legibility, and recommendations for uniformity as well as its absolute value can be found for highway signs (AASHTO, 2005 In addition to luminance, the impacts of sign color(s) on legibility have also been addressed, albeit in a more limited manner than luminance. Funkhouser et al. (1999) compared green and purple traffic signs during daytime and nighttime driving tests and found drivers responded to them equivalently. Flashing or animated content, while increasing conspicuity (see above) will also tend to make text on visual displays more difficult to read (Milburn and Mertens, 1997) , and this is probably also the case for outdoor signs.
The type of lighting used on illuminated signage will strongly influence the ease with which the sign can be read. Kuhn et al. (1998) and Garvey and Kuhn (2011) report that internally-illuminated and neon commercial signs provide superior legibility to externallyilluminated signs. This is also reflected in municipal standards that indicate a preference for Factors Affecting Sign Visibility, Conspicuity and Legibility Bullough, J. D. Interdisciplinary Journal of Signage and Wayfinding; Volume 1; Issue 2 internal or back-lighting over external illumination (City of Bellflower, 2016) for signs. However, some municipalities also discourage the use of neon signage (City of West Hollywood, 2002; City of Davis, 2010) . The potential influence of taste or aesthetics in municipal sign codes is not fully understood and could underlie some of these recommendations.
Possible reasons for reduced legibility with external illumination systems include the potential for glare, which is why many standards require external light sources used to illuminate commercial and highway signs to be shielded from view (City of West Hollywood, 2002; AASHTO, 2005; City of Davis, 2010) . External lighting might also serve as a distraction from the message content on a sign, so it should be designed to be as inconspicuous as possible (City of Saratoga Springs, 2012) . Because of such difficulties with external lighting, as well as challenges with maintenance and costs like energy use, highway signs often use retroreflective sign sheeting materials in lieu of lighting to support nighttime legibility (Bullough et al., 2010) . Retroreflectivity does not seem to be commonly used in on-premise or advertising signs.
ENVIRONMENTAL CHARACTERISTICS
Conspicuity
Not all factors that alter the visibility of signs are under the direct control of sign designers. In addition to the characteristics of the observer described previously in this paper, the environment in which a sign is located can strongly affect its visibility. In terms of sign conspicuity, one factor that will impact the conspicuity of a sign is the ambient brightness level, which can lead to different recommendations for sign or display luminance (Elstad et al., 1962; Rea, 2000; ILE, 2001; AASHTO, 2005; Fletcher et al., 2009) or the illuminance on signs (Rea, 2000) , as illustrated by many of the findings listed in Table 1 . Indeed, the contrast between a highway or an on-premise sign and its ambient background is an important predictor of how far away the sign can be detected (Forbes, 1972; Kuhn et al., 1997) , such that the darkest and brightest signs may be most conspicuous against daytime background conditions (Forbes et al., 1967) but signs similar in luminance to the background will be less conspicuous.
The degree of visual complexity where a sign is located will also impact how easily it can be detected. For example, under visually simple conditions, traffic sign detection distances were reported by Akagi et al. (1996) to be nearly twice their value under visually complex conditions.
Legibility
The ambient environmental conditions play an important role in the legibility of signs. One of the more obvious factors may be daytime versus nighttime. Even though many signs at night are equipped with some type of illumination (e.g., internal, back-lighting or external), legibility distances under daytime conditions will tend to be substantially longer than under nighttime conditions (Zwahlen and Schnell, 1998; Ullman et al., 2005; Garvey et al., 2009 ) whether they are highway signs or on-premise signs.
The visual complexity of the ambient environment not only impacts a sign's conspicuity, but also its legibility. Bertucci and Crawford (2015) stated that it is necessary to reduce the legibility index (the distance at which a sign of a given size can be read) under medium-to-highcomplexity visual environments, relative to low-complexity environments. Freyssinier et al. (2006) found that the luminances needed to achieve high levels of sign readability increased when an internally-illuminated sign was adjacent to other nearby signs, compared to when the same sign was visually isolated from other signs.
The viewing geometry and location of a sign will also influence the degree to which it can be easily read. An important factor related to signage is the viewing angle. Highway signs, for instance, are generally mounted such that the sign face is perpendicular to the lines of sight for oncoming traffic, while some building-mounted signs are mounted with the sign face nearly parallel to the line of sight. This reduces the projected solid angle of letters in the direction of a driver trying to read a sign or display (Cai and Green, 2009) even if the letter height is unchanged, and will accordingly reduce its legibility. Garvey (2006) reports that the legibility of commercial signs begins to be compromised when the viewing angle exceeds 20 o -40 o from the perpendicular to the line of sight.
Finally, the specific location of the sign can also make it more or less legible, perhaps because of driver expectations about where signs are likely to be located. Since many signs are located along the right-hand side of the road (in locations with right-side traffic patterns), drivers may be less attentive to signs on the left-hand side of the road, and it has been estimated (U.S. SBA, 2003) that commercial signs mounted on the left side of the road require letters to be larger to achieve equivalent legibility as signs on the right side.
SUMMARY
This review has identified several sources of technical research, industry rules of thumb and best practices, and consensus-based standards and codes, which describe how sign properties can affect visibility in terms of conspicuity and legibility, at least for the context of acquiring mainly textual information from commercial and traffic signs. Not included in this review are legal cases in which the results of research studies or requirements from municipalities have been tested by a court. Such a review could clarify the extent to which the findings summarized here can be generalized to different types of signs and signage applications.
From this review, it seems feasible that visual performance modeling can be used to predict the visibility of signs. However, current models may be incomplete regarding the influence of factors beyond luminance, size and contrast of signs and sign characters. Certainly, as described above, the characteristics of the observer (e.g., age, impairment, distraction) can confound any model predictions of a sign's conspicuity or legibility.
But even for model observers with good vision and who are attentive to signs, models of conspicuity or legibility can still have shortcomings. For example, highway sign characters subtending similar solid angles, and with similar photometric characteristics, will not yield similar legibility distances (Garvey et al., 2016) . A fruitful area of exploration may be in developing quantitative adjustment factors relating the aspect ratio of sign characters to visual performance when size, luminance and contrast are held constant. Another factor that has not been considered in much of the reports reviewed here is the role of a sign's maximum luminance or luminance distribution on the noticeability of the sign or its potential to create distraction or glare. Subsequent investigation could explore this factor in an experimental setting.
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• Research stating that increasing illumination could overcome a type size change from 12 to 6 points is cited.
Town of Bermuda Run. 2013. Sign Design Guidelines. Bermuda Run, NC: Town of Bermuda Run.
• A viewer reaction time of 8 seconds is recommended for signs along roads with a speak limit of 45 mph, when six or fewer words are on the sign.
• The ideal letter height for signs is stated to be between 8 and 13 in.
• For improved legibility, block (non-script) text and mixed case is preferred.
• Using no more than two colors is stated to increase legibility.
• Positive contrast signs are stated to increase legibility, but the degree of improvement depends upon illumination and contrast. • High contrast between sign letters and their backgrounds is desirable for legibility.
• Light letters on dark backgrounds are preferable to the opposite for ease of reading.
• For 2-lane roads, 30 mph traffic requires 8-in. letters and 55 mph traffic requires 12-in. letters.
• For 4-lane roads, 30 mph traffic requires 10-in. letters and 55 mph traffic requires 15-in.
letters.
• Sign letters should occupy no more than 40% of the sign area. • LED letters on a changeable message sign with a height of 9 in. were legible from 228 ft in the daytime and 114 ft at night.
• LED letters on a changeable message sign with a height of 10.6 in. were legible from 324 ft in the daytime and 203 ft at night. • It is recommended that a sign be legible from a distance (in ft) equal to a vehicle's speed limit (in mph) multiplied by 8.
U.S. Small Business
• Signs mounted on the left side of the road require letters to be one-third larger than those on the right side of the road, for equal legibility.
• Recommended sign heights range from 12 ft for 25-mph traffic to 50 ft for 55-mph traffic.
Van Houten R, Healey K, Malenfant JEL, Retting R. 1998. Use of signs and symbols to increase the efficacy of pedestrian-activated flashing beacons at crosswalks. Transportation Research Record 1636: 92-95.
• Adding a pedestrian symbol sign near a flashing warning beacon increased the number of drivers who yielded to pedestrians.
Yager D, Aquilante K, Plass R. 1998. High and low luminance letters, acuity reserve, and font effects on reading speed. Vision Research 38: 2527-2531.
• At a high background luminance (150 cd/m²) there is no difference in reading rates between serif and non-serif fonts.
• At a low background luminance (0.15 cd/m²) a non-serif font resulted in improved reading rates over a serif font. • Type width is stated to affect legibility more than inter-character spacing.
• Reducing the space between characters improved legibility for standard type widths, but decreased legibility for the narrowest fonts.
Zwahlen HT, Schnell T. 1998. Legibility of traffic sign text and symbols. Transportation Research Record 1692: 142-151.
• Sign legibility distances are 1.8 times longer in the daytime than they are at night.
